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Abstract
Beginning in the late 1990's, the U.S. Geological Survey began to develop analytical methods to detect, at concentrations less than 1 microgram per liter (µg/L), emerging water contaminants such as pharmaceuticals, personal-care chemicals, and a variety of other chemicals associated with various human and animal sources. During 1998 During -2005 , the U.S. Geological Survey analyzed the following Michigan water samples: 41 samples for antibiotic compounds, 28 samples for pharmaceutical compounds, 46 unfiltered samples for wastewater compounds (dissolved and suspended compounds), and 113 filtered samples for wastewater compounds (dissolved constituents only). The purpose of this report is to summarize the status of emerging contaminants in Michigan waters based on data from several different project-specific samplecollection efforts in Michigan during an 8-year period. During the course of the 8-year sampling effort, antibiotics were determined at 20 surface-water sites and 2 groundwater sites, pharmaceuticals were determined at 11 surface-water sites, wastewater compounds in unfiltered water were determined at 31 surface-water sites, and wastewater compounds in filtered water were determined at 40 surface-water and 4 groundwater sites. Some sites were visited only once, but others were visited multiple times. A variety of quality-assurance samples also were collected. This report describes the analytical methods used, describes the variations in analytical methods and reporting levels during the 8-year period, and summarizes all data using current (2009) reporting criteria. Very few chemicals were detected at concentrations greater than current laboratory reporting levels, which currently vary from a low of 0.005 µg/L for some antibiotics to 5 µg/L for some wastewater compounds. Nevertheless, 10 of 51 chemicals in the antibiotics analysis, 9 of 14 chemicals in the pharmaceuticals analysis, 34 of 67 chemicals in the unfiltered-wastewater analysis, and 56 of 62 chemicals in the filtered-wastewater analysis were detected. Antibiotics were detected at 7 of 20 tested surfacewater sites, but none were detected in 2 groundwater samples. Pharmaceuticals were detected at 7 of 11 surface-water sites. Wastewater compounds were detected at 25 of 31 sites for which unfiltered water samples were analyzed and at least once at all 40 surface-water sites and all 4 groundwater sites for which filtered water samples were analyzed.
Overall, the chemicals detected most frequently in Michigan waters were similar to those reported frequently in other studies nationwide. Patterns of chemical detections were site specific and appear to be related to local sources, overall land use, and hydrologic conditions at the time of sampling. Field-blank results provide important information for the design of future sampling programs in Michigan and demonstrate the need for careful field-study design. Fieldreplicate results indicated substantial confidence regarding the presence or absence of the many chemicals tested. Overall, data reported herein indicate that a wide array of antibiotic, pharmaceutical, and organic wastewater compounds occur in Michigan waters. Patterns of occurrence, with respect to hydrologic, land use, and source variables, generally appear to be similar for Michigan as for other sampled waters across the United States. The data reported herein can serve as a basis for future studies in Michigan.
Introduction
Manufactured and natural organic compounds such as pharmaceuticals, antibiotics, surfactants, flame retardants, plasticizers, steroids, and other trace organics that continue to be synthesized, used, and disposed of by modern society are now widely recognized as environmental contaminants (Daughton and Ternes, 1999; Halling-Sørensen, and others, 2002; Boxall and others, 2003) . Detection capabilities for antibiotics, pharmaceuticals, and organic wastewater compounds (APOWCs) in the environment continue to be refined, and detection levels presently (2009) range from less than 1 nanogram per liter (ng/L) to a few micrograms per liter (µg/L) (Richardson, 2009) . Very low detection capability and widespread occurrence have led to the documented presence of such compounds in water resources around the world. These detections have been associated with a variety of human and animal sources such as hospitals, septic tanks, wastewater effluents from treatment plants, urban runoff, and livestock wastes. Human and animal wastewater effluents are among the most important source pathways for the majority of these compounds into the aquatic environment (Ternes, 1998; Boxall and others, 2003; Paxeus, 2004; Glassmeyer and Conn and others, 2006; Kinney and others, 2006; Reiner and others, 2007) . Through a variety of environmental-exposure pathways, some APOWCs have been found in plant-and animal-tissue samples (Guenther and others, 2002; Delépée and others, 2004; Kinney and others, 2008; O'Toole and Metcalfe, 2006) and also in human-tissue samples (Hutter and others, 2005; Kurunthachalam and others, 2005) .
While there is information on the effect some individual APOWCs may have on human or ecological health, much remains to be learned about the influence of low environmental concentrations of these chemicals, especially when present as complex mixtures (Richardson, 2009 ). In the United States, regulatory standards do not exist for the occurrence of most of these chemicals in the environment. Sample-collection, processing, and analysis methods have only been developed during the past 10 to 15 years, hampering the ability to consistently monitor for the presence of these compounds on regional or national scales (Focazio and others, 2004) . Consequently, the occurrence data typically needed by regulators and policymakers to make informed resource-protection decisions is only now becoming widely available for many of these chemicals.
Recognizing the need for additional data at regional and national scales, the U.S. Geological Survey (USGS) developed some of the first analytical methods, continues to develop and refine methods for additional compounds, and implemented a series of national reconnaissance efforts targeting a broad suite of APOWCs with various potential uses and origins (e.g., pesticides, solvents, pharmaceuticals, personal-care products, etc.) in an array of environmental and hydrological settings across the United States. Some of these samples were collected in Michigan (Barnes and others, 2002; Kolpin and others, 2002; Focazio and others, 2008; Haack and others, 2009 ). In addition, the Michigan Department of Environmental Quality has supported the collection and analysis, by USGS and USGStrained personnel, of various types of APOWCs in several studies described later in this report. This report reviews and summarizes all USGS emerging-contaminant data for Michigan groundwater and surface water from 1998 to 2005.
Purpose And Scope
The purpose of this report is to describe the methods and results of USGS analyses of APOWCs in Michigan surface water and groundwater from 1998 to 2005. From 1998 to 2005, water samples were collected at 59 surface-water sites and 4 groundwater sites ( fig. 1 ), as part of a variety of studies. Depending upon study design and purpose, some sites were sampled only once; others were sampled multiple times. The report summarizes analytical methods and reporting levels for antibiotics, pharmaceuticals, and wastewater compounds during the 8-year period and summarizes all data using current (2009) reporting criteria. The frequency of detection of antibiotics, pharmaceuticals, and wastewater compounds, and the spatial and temporal patterns of detections of these chemicals, are summarized in tables and figures throughout this report. Although the data included in this report were collected as part of various studies, taken together they provide a perspective on the occurrence and distribution of a variety of APOWCs in Michigan waters. Their summary here provides a basis for future study design and eventual historical comparisons.
Sampling Procedures
All water samples were collected by USGS personnel, or by USGS-trained personnel, using standard field protocols for ultra-clean sampling, preparation, preservation, and transportation to the laboratory. USGS standard sampling methods for water samples to be analyzed for the chemicals described in this report are documented in the USGS National Field Manual (NFM; http://water.usgs.gov/owq/FieldManual/) . Among other considerations, the sampling methods for wastewater compounds, pharmaceuticals, and antibiotics (Wilde and others, 2004) proscribe the use or wearing of any of the chemicals to be analyzed; document that only sampling and processing equipment made of fluorocarbon polymers, glass, aluminum, or stainless steel should be used; specify the types of bottles (laboratory baked, brown glass) to be used for sample collection; and provide information on the proper cleaning and storing of sampling equipment. Surface-water samples were collected using grab-sampling methods, and groundwater samples were collected using standard USGS procedures (U.S. Geological Survey, 2006). For filtered water samples, standard USGS field-filtration procedures for organic chemicals were used (Wilde and others, 2004) . For filtered water samples, a whole-water sample aliquot was passed through a 0.7 micrometer (µm) pore-size, baked, glass-fiber filter in the field or office sample-preparatory area. Following collection and processing, samples were immediately chilled and shipped overnight to the appropriate laboratory.
Analytical Procedures
Three separate analytical procedures were used to assess detections and concentrations of the chemicals described in this report. Methods varied during the time covered by this report. Early data were provided on a provisional basis, with the understanding that method development was an ongoing process, and that compounds tested and compound-detection limits might change over time. All methods reported herein have been routinely evaluated and revised during the past several years as deemed appropriate. These evaluations include new information, insights, and focused studies on matrix interferences, laboratory and field contamination, and interlaboratory comparisons. Some compounds have been dropped from current (2009) versions of methods, owing to poor method recovery. Some of these compounds were reported in earlier USGS reports and other publications.
Antibiotic Compounds
Antibiotic compounds and selected antibiotic metabolites analyzed in filtered/unfiltered water samples, as well as reporting levels for these compounds, are identified in table 1. Antibiotic compounds were analyzed only on filtered water samples. Three samples collected in Michigan in 1999 were analyzed for 21 antibiotic compounds by off-line tandem solid-phase extraction (SPE) and single quadrupole, liquid chromatography/mass spectrometry positive-ion electrospray analysis (LC/MS-ESI(+)) using selected ion monitoring (SIM). Additional details on this method are provided elsewhere (Kolpin and others, 2002; Meyer and others, 2007) . Two samples collected in Michigan in 2001 were analyzed for 24 antibiotic compounds using an on-line SPE LC/MS-ESI(+) method (Meyer and others, 2007) . Since 2003, samples collected in Michigan have been analyzed for 39 to 49 antibiotic compounds using either the previous method, or an on-line SPE LC dual mass spectrometry (SPE LC/MS/MS) method modified from the on-line SPE LC/MS-ESI(+) method of Meyer and others, 2007 . 
Pharmaceutical Compounds
Pharmaceutical compounds and selected pharmaceutical metabolites analyzed in filtered/unfiltered water samples, as well as reporting levels for these compounds, are identified in table 2. In 1999, the Methods Research and Development Program of the USGS National Water Quality Laboratory (NWQL) began the process of developing a method designed to identify and quantify human-health pharmaceuticals in filtered water (Cahill and others, 2004) . A variety of compounds were evaluated in early methods development, but were subsequently dropped from the method for failure to satisfy long-term method-performance criteria. These compounds are identified in table 2 because previous USGS reports may have included data for these compounds. The current method identifies 14 compounds (12 pharmaceuticals and metabolites plus the antibiotics sulfamethoxazole and trimethoprim) using a chemically modified styrene-divinylbenzene resin-based SPE cartridge for analyte isolation and concentration and a high-performance liquid chromatography/mass spectrometry (HPLC/MS) system to separate the pharmaceuticals of interest from each other. Immediately following separation, the pharmaceuticals are ionized by electrospray ionization operated in the positive mode, and the positive ions produced are detected, identified, and quantified using a quadrupole mass spectrometer (Furlong and others, 2008) .
Wastewater Compounds
Wastewater compounds analyzed from 1998 to 2005 are identified in table 3. Wastewater compounds were originally analyzed on unfiltered water samples, but more recently analyses for both filtered and unfiltered water samples have been made available. For water samples filtered in the field, disposable, polypropylene SPE cartridges containing a polystyrene-divinylbenzene phase are used to extract target compounds. Concentrated extracts are analyzed by capillarycolumn gas chromatography/mass spectrometry (GC/MS). The SPE method was used at the NWQL as a conditional method starting January 1, 2001, and was officially approved and implemented at the NWQL on June 27, 2001. Further information on this method can be found in Zaugg and others (2002) .
A method that uses continuous liquid-liquid extraction (CLLE) instead of SPE for sample preparation for unfiltered water samples was implemented at the NWQL in October 1998 on a custom basis. This method was approved for unfiltered water samples in June 2006. Further information on the method for unfiltered water samples is available in Zaugg and others (2006) .
A comparison of results for more than 30 environmental samples between the CLLE and the SPE methods demonstrated that concentrations for hydrophobic (low-water solubility) compounds were much less (up to 400 percent) when determined by SPE because of sample filtration, whereas results for hydrophilic compounds were identical. Therefore, detection limits and constituents reported vary between the two methods (table 4), and reporting levels for both methods have varied over time. Application of the SPE method provides data for dissolved wastewater compounds to supplement whole-water CLLE data used to identify wastewater constituents in samples such as sanitary-or storm-sewer waters or animal waste. 
Qualitative Identification Criteria and Reporting Levels
The three analytical methods used in this report share a common rationale for compound identification and quantification, despite differences in specific analytical details. All rely on the application of mass-spectrometric techniques, which provides compound-specific fragments that, when coupled with chromatographic-retention characteristics, produce unambiguous identification of each compound. In addition, the specific criteria for the identification of each compound are based upon analysis of authentic standards for all compounds (Zaugg and others, 2006; others, 2007: Furlong and others, 2008) .
For antibiotic compounds, analyzed at the USGS Organic Research Laboratory in Lawrence, Kansas, only concentrations equal to or above the minimum reporting level (MRL) for each compound are reported. Reporting levels for antibiotic compounds for each method are equal to the limit of quantitation (signal-to-noise ratios of 5 to 10 times above background) for the method. In this report, all concentrations of antibiotic compounds are reported using the reporting criteria appropriate at the time, since the method of determining antibiotic reporting levels has not changed. However, the use of different analytical methods for the same compounds has resulted in varying compound-reporting levels from 1998 to 2008. The most recent analytical method offers the lowest reporting levels (0.005-0.01 µg/L; table 1); previous reporting levels ranged from 0.05 to 0.10 µg/L for analytical methods used through 2003.
Wastewater and pharmaceutical compounds were analyzed at the USGS NWQL. Historically, the NWQL used MRLs when reporting data. For wastewater compounds, initial MRLs were set higher (two to five times for most compounds) than initial method detection limits (MDLs) calculated according to the then-current U.S. Environmental Protection Agency (USEPA) protocol, (U.S. Environmental Protection Agency 1997). For pharmaceutical compounds, MDLs were likewise calculated using USEPA procedures (U.S. Environmental Protection Agency, 1997 Agency, , 2005 .
The NWQL currently (2009) uses a statistic called the long-term method detection limit (LT-MDL; Bonn, 2008) , which is similar to the current (2009) USEPA MDL (U.S. Environmental Protection Agency, 2005), and is determined on an annual basis for each compound. The LT-MDL is statistically defined as identical to the USEPA-MDL: the smallest measured concentration that can be reported with 99-percent confidence that the concentration of the compound is greater than zero, and there is less than a 1-percent chance of a false-positive determination. Like the USEPA-MDL, it is obtained from replicate analyses of spiked blank water; therefore, it applies to uncomplicated samples. It differs from the USEPA-MDL in that it incorporates variability owing to different instruments and analysts and is calculated over an extended period of time. This means that MDLs, and MRLs calculated from MDLs, may change over time.
In conjunction with the LT-MDL, NWQL currently (2009) uses a laboratory reporting level (LRL) that replaces the MRL. Similar to the MRL, the LRL is set higher than the LT-MDL. Further, LRLs may change over time if LT-MDLs are revised after annual reviews. Currently (2009), the NWQL reports without qualification most analytical results greater than the LT-MDL (Bonn, 2008) . These results can be considered detected (different from zero with 99-percent confidence) if the sample matrix has no interfering properties. Historically and currently (2009), if no LT-MDL (and associated LRL) has been established, the NWQL reports without qualification all analytical results greater than the MRL. Analytical results less than the LT-MDL, or MRL prior to conversion to the LT-MDL, are reported with qualification if the analytical method includes compound-specific identification-usually a matching spectral signature-such as for the compounds discussed in this report. Results less than the LT-MDL or historically, the MRL, are reported with a qualifying E (estimated) or M (detected but not quantified) code. The E code signifies that the reported compound concentration has greater relative uncertainty than if the concentration exceeded the LT-MDL or MRL. Results less than the LT-MDL or MRL that can be rounded to zero at the order of magnitude reported for a given constituent are reported with an M code. For example, a concentration of 0.04 µg/L would receive an M code for a constituent for which the LT-MDL or MRL is 0.1 µg/L or an E code for a constituent for which the LT-MDL or MRL is 0.06 µg/L, but would receive no qualification for a constituent for which the LT-MDL or MRL is 0.01 µg/L. Compounds that are not detected are reported as less than the LRL. Concentrations of some compounds are always reported as estimated owing to variable performance. Pharmaceutical and wastewater compounds for which estimated concentrations are always reported are indicated in tables 2 and 4.
Reporting levels for many compounds changed during 1998-2008. In addition, some compounds either were removed or added to analysis suites during 1998-2008. Tables 2 and 4 show that some previous pharmaceutical and wastewater-compound reporting levels were lower than current (2009) levels. Concentrations lower than those currently considered reliable for these methods may have been reported previously in USGS and other publications. In this report, previously reported concentrations less than current (2009) reporting levels have been recensored using current reporting criteria to provide consistent information. In addition, data for compounds removed from analytical methods are not included in this report, even though data for such compounds may have appeared in previous USGS or other publications.
Quality Assurance And Quality Control
Several quality-control sample types are required to properly interpret ambient environmental concentrations of pharmaceutical, antibiotic and wastewater compounds in aqueous samples. The quality-control sample types include field blanks, replicate environmental samples, and matrixspike recovery samples. Matrix-spike materials were not generally available prior to 2005; no matrix-spike samples were analyzed.
Field blanks characterize the likelihood of positive bias or contamination owing to field and laboratory handling. Field blanks consisted of laboratory-grade organic-free water that was processed in the field and laboratory in the same manner as environmental samples. Field blanks were submitted for about 2 percent (1 for 41 environmental samples) of the samples analyzed for antibiotics, 10 percent (3 for 28 environmental samples) of the samples analyzed for pharmaceuticals, and 10 percent (12 for 113 environmental samples) of the filtered water samples analyzed for wastewater compounds. However, no field blanks were collected for the 46 unfiltered environmental samples analyzed for wastewater constituents. Teflon is the recommended composition of containers for collection of APOWC samples. High-density polyethylene (HDPE) is a common container composition for collection of many other types of water samples. To determine the effect of container composition on wastewater analytes, one field blank was collected in a high-density polyethylene (HDPE) container (HDPE Blank, table A4), whereas all other field blanks were collected in Teflon containers. One equipment blank (Filter Blank, table A4) was collected in the following manner. Organic-free water was spiked with an artificial sample of wastewater compounds at known concentrations. In the laboratory, this spiked water was passed through the filtration apparatus as though it was a routine sample. The filtration apparatus was then cleaned according to established protocols, and a subsequent "sample" of organic-free water was processed through the filter. This sample was sent for analysis for the purpose of establishing that the cleaning procedure adequately removed any contamination.
Replicate samples are used to characterize the amount of variability associated with sample collection, processing, and analysis. Replicate field samples were collected once for antibiotic compounds, twice for pharmaceutical compounds, and nine times for wastewater compounds. Replicate samples identify the variation that may be associated with compound concentrations, owing to any step of sample collection or analysis.
Antibiotics
Results of antibiotic analyses for 41 environmental samples and 1 field blank are reported in table A1. No antibiotics were detected in the field blank sample. On August 9, 2006, a field replicate was collected at the Clinton River at Auburn Hills, Mich. Five antibiotics were detected in the primary environmental sample, but one additional antibiotic-azithromycin-was detected in the replicate sample. Otherwise, there was agreement regarding detection of the five antibiotics common to both samples. The pharmaceuticals method also was performed on three of these environmental samples (Boardman River at Traverse City, June 16, 1999; Huron River near Ann Arbor, September 10, 2001; and River Raisin near Deerfield, September 11, 2001 ). Therefore, results for the two antibiotics (sulfamethoxazole and trimethoprim) analyzed by the pharmaceuticals method can be compared with results from the antibiotics method. Sulfamethoxazole was not reported for any of these samples by either method. Trimethoprim was reported for the Boardman River sample by the pharmaceuticals method but not by the antibiotics method. This result likely reflects the lower reporting limit for the pharmaceuticals method for this compound.
Pharmaceuticals
Results of pharmaceutical analyses for 28 environmental samples and 3 field blanks are reported in table A2. No pharmaceuticals were detected in any field-blank sample. Two field-replicate samples were collected. Only caffeine was detected in both the primary environmental sample and the associated replicate sample collected on June 15, 2004. For the field-replicate sample collected on November 17, 2004, carbamazepine and cotinine were detected in both the primary environmental sample and the associated replicate sample. For three additional samples, laboratory-replicate analyses were provided. These replicates exhibited general agreement among the primary environmental samples and the associated replicate samples regarding compounds detected and concentrations estimated.
Wastewater Compounds
The range of compound groups in the wastewater method includes potential contaminant sources from chemicals commonly used by field and laboratory personnel in their personal as well as professional lives and from the equipment used to collect, process, and analyze the samples. Unlike antibiotics and pharmaceuticals, several wastewater compounds were detected in field blanks. In addition, some wastewater-chemical results were inconsistent among primary environmental samples and associated replicate samples. The quality-assurance data for wastewater compounds must be carefully taken into account in interpretation of wastewater-chemical occurrence and concentration. Results of wastewater-compound analyses for 46 unfiltered water samples are reported in 
Field Blanks
Although some wastewater compounds were detected in field blanks, the majority of the wastewater compounds analyzed were not detected in any field blank in this study. Table 5 lists all of the wastewater compounds detected in field and equipment blanks analyzed in this study. Many of the constituents detected in blanks are the same as those detected in more than 5 percent of USGS field blanks from across the country (Zaugg and Leiker, 2006; table 5) . The USGS NWQL considers occurrence of compounds in 10 percent or more field blanks to be evidence of chronic contamination. Since only 13 field and equipment blanks were collected, detection of a compound in even 1 blank results in an occurrence level near 10 percent; therefore, occurrence results for the compounds in environmental samples, shown in table 5, should be viewed with caution. However, there were some differences in the probable significance of these compounds as revealed by comparing detection frequencies for the compounds in blanks, overall environmental samples, and paired environmental samples. Paired environmental samples were those samples collected on the same date as the field blank and immediately preceding or following blank processing. Some of the compounds reported in table 5 occurred in blanks and overall environmental samples with similar frequencies and at equivalent concentrations. For example, 1,4-dichlorobenzene occurred in the majority of blanks, overall environmental samples, and paired environmental samples. Phenol contamination also was prevalent. Data for these two constituents indicate pervasive contamination at some sample-processing step. However, caffeine was detected in only one field blank at an unquantifiable concentration and was never detected in a paired environmental sample, but was present in approximately one-half of environmental samples and occasionally at reliably quantified concentrations. Caffeine occurrence in blanks may be reflective of random contamination.
Only two constituents-the ubiquitous field-blank contaminants 1,4-dichlorobenzene and phenol-were detected in the equipment blank that was processed using Teflon, glass, and stainless-steel containers (Filter Blank, table A4). Other than the HDPE Field Blank (HDPE Field Blank, table A4), all other field blanks were collected in Teflon containers. Nine wastewater constituents were detected in the blank processed in the HDPE container; however, 11 constituents were detected in a Field Blank collected on October 28, 2004, and 8 constituents were detected in 2 additional Field Blanks (June 15, 2004 and November 22, 2005) . The constituents detected in the HDPE Field Blank also were detected in other (Teflon container) field blanks. These results do not indicate any particular contamination effect arising from use of HDPE plastic as opposed to Teflon containers.
Replicates
Nine replicate pairs of samples were analyzed for 62 wastewater compounds (table A4). These 9 replicate analyses produced 531 consistent results, which indicated the compound was either absent or present in both replicates. There were 92 samples for which a given compound was reported as present in both the primary sample and the replicate. For 88 of these instances, the indicated concentration was either M or the identical estimated value in both samples. In the remaining 4 instances, there were two cases where one sample had an estimated value and the other was coded "M," and there were two cases where two different estimated values were given. In the latter two cases, the estimated values were different by only 0.1 µg/L. These results indicate substantial agreement between replicate samples; however, there were 27 instances in which replicate analyses did not report the same result for a compound. For 26 of these instances, the compound was reported as not being present (concentration less than the reporting level) in one sample, but present with either an M or E qualifier in the replicate sample. For the remaining sample pair, phenol was reported as <0.5 µg/L in one sample, but present at 0.6 µg/L in the replicate sample. Five compounds reported in blanks (acetophenone, benzophenone, caffeine, phenol, and tributyl phosphate) accounted for 9 of the 25 inconsistent replicate-pair results, leaving 16 inconsistent results for compounds that did not occur in field blanks.
Discrepancies in results for a primary sample and its replicate may arise when concentrations are near the LT-MDL. Data for caffeine shed some light on how to interpret replicate analyses in which one replicate sample indicates a compound was not detected, and the other indicates a very low, usually estimated concentration of the constituent. There were 18 environmental samples for which caffeine was analyzed by two different methods: the wastewater method and a pesticide method providing concentration data for caffeine at reporting levels approximately 10 times lower than those of the wastewater method. Data for these 18 samples are shown in table 6 and figure 2. Of seven samples in which caffeine was not detected by the wastewater method, five also indicated no detection by the pesticide method; however, in the remaining two samples, caffeine was indeed present at the lower concentration detectable by the pesticide method. In addition, for the 10 samples in which caffeine was detected by the wastewater method, it also was detected by the pesticide method. For cases where caffeine was detected by both methods, estimated values obtained by the wastewater method were approximately double those obtained by the pesticide method (table 6, fig. 2 ). The coefficient of determination (R 2 ) for these paired values was 0.78. Generally, the higher the concentra- 
Patterns Of Emerging Chemical Detections
Among the factors known to affect AOPWC occurrence in water at any sampling time are type, proximity, and intensity of source; environmental degradation or dilution of the chemical; and hydrologic variables. Each of these factors may have affected patterns of chemical detections reported herein. Land use may affect the types and concentrations of chemicals detected (Barber and others, 2006). For wastewater-treatmentplant (WWTP) effluents, detections of wastewater chemicals and pharmaceuticals become more frequent and concentrations become greater with increasing size of population served (Kolpin and others, 2004; Spongberg and Witter, 2008) . Therefore, the occurrence of a WWTP effluent above a sampling point has a profound effect on the number and concentration of chemicals detected (Kolpin and others, 2004; Glassmeyer and others, 2005; Barber and others, 2006) . The effect of WWTP effluents is modified by proximity to the sampling point and by the degree to which river flow dilutes the effluent (Kolpin and others, 2004) . Since river flow varies throughout the year, chemical detections also may exhibit seasonal variability. In rural settings, septic systems and agricultural practices (including manure or biosolids application) may affect chemical detections. Detections of antibiotics or pharmaceuticals (both human and veterinary) will be affected by use in the population and by transport pathways, such as rainfall runoff. Therefore, variability in chemical detections and concentrations might be expected. Antibiotics, pharmaceuticals, and wastewater compounds were detected in Michigan at locations and times generally consistent with probable sources and hydrologic conditions.
Antibiotics
Ten of the 51 antibiotics analyzed were detected at least once. No beta-lactam or tetracycline antibiotics were detected in any sample. The beta-lactam antibiotics degrade rapidly under environmental conditions and are rarely detected in environmental samples (Zuccato and others, 2004) . The tetracycline antibiotics exhibit a high affinity for calciumcontaining minerals and bind readily to solids in the environment (Hamscher and others, 2004) ; therefore, the lack of detection of such compounds is reasonable. In a recent study of untreated surface-water and groundwater drinking-water sources, Focazio and others (2008) reported erythromycin-H 2 O, trimethoprim, and enrofloxacin to be the most frequently detected antibiotics. Only four additional antibiotics were detected at all: azithromycin, ciprofloxacin, sarafloxacin, and sulfamethoxazole. Similarly, in a study of low-flow samples at selected Iowa streams, the most frequently detected antibiotics were sulfamethoxazole (20 percent), trimethoprim (16.7 percent), and erythromycin-H 2 O (10 percent). Antibioticdetection frequencies for Michigan are similar, as shown in figure 3 .
No antibiotics were detected in two groundwater samples. Antibiotics were detected at 7 of 20 tested surface-water sites. Antibiotics used only for veterinary purposes were detected at two locations: Pinnebog River in Huron County, and Paint Creek near Rochester in Oakland County ( fig. 3 ). These sites are characterized by rural settings, where animals may be prevalent in the watershed. Even the Paint Creek watershed, although located in a generally urban county, has only 11 percent residential and commercial land use and greater than 35 percent agricultural land use above the sampling point. All detections were at very low concentrations and occurred in August, when discharge in Michigan rivers is generally low. Kolpin and others (2004) reported that for selected streams in Iowa, antibiotics and other prescription drugs were frequently detected only during low-flow conditions. Therefore, one possible reason for the lack of detections at other times of the year may be dilution of a small local source by greater river discharge.
General-use antibiotics ( fig. 3 ) were detected at one site in Oakland County (Clinton River at Auburn Hills), but at several sites in Huron County. The Clinton River site is downstream of the discharge point for the Pontiac WWTP, and detections likely reflect this source. The Pinnebog River at Richardson Road receives discharge from a wastewater-treatment lagoon; the lagoon was discharging in 
Pharmaceuticals
Five compounds in the pharmaceuticals method (the pharmaceuticals albuterol, dehydronifedipine, thiabendazole, and warfarin, and the antibiotic sulfamethoxazole) were not detected in any sample. Nine of the 14 chemicals analyzed were detected at least once. Of 11 sites sampled for pharmaceuticals (table A2), 4 sites had none detected; however, each of those four sites was sampled only once. In contrast, the Kalamazoo River at New Richmond and the Grand River at Eastmanville were sampled on multiple dates over 3 years. Those two sites accounted for most of the pharmaceutical detections. Diltiazem, diphenhydramine, and trimethoprim were detected at the Grand River site, but never at the Kalamazoo River site. These three chemicals also were detected in the Boardman River at sites within the Traverse City area downstream of the WWTP effluent. Only at the Kalamazoo River site were any chemicals (acetaminophen and caffeine) detected at concentrations substantially above reporting levels.
Patterns of pharmaceutical-compound detections were similar to those reported in other studies. The most frequently detected pharmaceuticals were carbamazepine and caffeine (14 detections in 28 environmental analyses for each of the compounds). Carbamazepine was reported from 100 percent of 11 WWTP effluents at concentrations appreciably above those of background samples (Glassmeyer and others, 2005) . That same study indicated carbamazepine was recalcitrant to environmental degradation, which may explain its frequency of detection in Michigan waters. Other pharmaceuticals detected frequently were cotinine (11 detections), acetaminophen (9 detections), and trimethoprim (7 detections). All five of these chemicals were among the 35 most commonly detected chemicals in the study by Glassmeyer and others (2005) . However, of these latter four chemicals, only trimethoprim occurred in WWTP effluents more frequently than at locations upstream of the effluent outfalls (Glassmeyer and others, 2005) . Caffeine may enter surface waters through stormwater runoff or septic systems, and in some geographic settings, plants may produce caffeine naturally (Peeler and others, 2006) . Other pharmaceutical compounds may be associated with septic wastes or possibly biosolids applications (Conn and others, 2006; Kinney and others, 2006) . In a recent study of untreated surface-water and groundwater drinkingwater sources, Focazio and others (2008) reported cotinine (51 percent of samples), 1,7-dimethyxanthine (27 percent), and carbamazepine (21.6 percent) to be the most frequently detected pharmaceuticals. Similarly, in a study of low-flow samples at selected Iowa streams (Kolpin and others, 2004) , the most frequently detected pharmaceuticals were carbamazepine (70 percent), caffeine (56.7 percent), 1,7-dimethylxanthine (53.3 percent), and cotinine (53.3 percent). As Kolpin and others (2004) reported for antibiotics, pharmaceuticals also were most prevalent in low-flow samples in their study.
Wastewater Compounds
Results of wastewater-compound analyses for 46 unfiltered water samples are summarized by detection frequency in table 7 and similarly for 113 filtered water samples in  table 8 . Of 67 chemicals analyzed on unfiltered water, 34 were detected. Of 62 chemicals analyzed on filtered water, 56 were detected. The most frequently detected compound in unfiltered water samples was N,N-diethyltoluamide (DEET), a commonly used insect repellant. This chemical also was the second most frequently detected compound in filtered water samples. The most frequently detected compound in filtered water samples was 1,4-dichlorobenzene; DEET and 1,4-dichlorobenzene were detected in field blanks at 31 and 92-percent frequency, respectively, and at concentrations close to those reported in environmental samples (table 5). These two constituents and others detected in field blanks are marked with bold-face lettering in table 8. There were no field blanks collected for unfiltered water samples, but consideration of field-blank occurrence is recommended when examining table 7 as well as table 8.
Wastewater compounds detected in Michigan waters are grouped by chemical use or typical source (hereafter referred to as chemical category) in table 9. Among the chemicals detected in Michigan waters and not detected in field blanks were the musk fragrances hexahydrohexa-methylcyclopentabenzopyran (HHCB) and acetyl hexamethyl tetrahydronaphthlaene (AHTN); triclosan, an antimicrobial ingredient added to many household products; and some detergent metabolites (4-tert-octylphenol and its mono-and di-ethoxylates). AHTN and HHCB, as well as nonyl-and octyl-phenol and their metabolities and several other emerging chemicals often detected in water, have been cited for potential or recognized endocrine-disruption effects (Benotti and others, 2009; Richardson, 2009) . AHTN and HHCB have been detected in Great Lakes water and fish (O'Toole and Metcalfe, 2006; Peck and Hornbuckle, 2004; Peck and others, 2006) . Triclosan has been cited along with other antimicrobial compounds for the potential to encourage antimicrobial resistance in environmental microorganisms. AHTN, HHCB, and triclosan were persistently detected in WWTP effluents by Glassmeyer and others (2005) . Alkylphenols, such as nonylphenol, have been detected in sewage entering the Great Lakes (Barber and others, 2000) . In Michigan, HHCB and AHTN were detected in 24 and 25 percent, respectively, of unfiltered water samples and in 27 and 32 percent, respectively, of filtered water samples; triclosan was detected in 7 percent of filtered water samples. Other chemicals detected in more than 10 percent of either filtered or unfiltered water samples, and not detected in field blanks, include pesticides or herbicides (metolachlor and prometon), the flame retardant tri(2-butoxyethyl) phosphate, and several chemicals used in cleaning agents or as fragrances. In a recent study of untreated surface-water and groundwater drinking-water sources, Focazio and others (2008) reported cholesterol (59 percent of samples), metolachlor (53 percent of samples), and beta-sitosterol (37 percent of samples) to be the most frequently detected wastewater compounds in surface waters. Similarly, in a study of low-flow samples at selected Iowa streams (Kolpin and others, 2004) , the most frequently detected wastewater compounds were metolachlor (80 percent), cholesterol (76.7 percent), beta-sitosterol (73.3 percent), and AHTN (36.7 percent). Again, as Kolpin and others (2004) reported for antibiotics and pharmaceuticals, wastewater compounds also were most prevalent in low-flow samples in their study. It is interesting that Michigan waters do not appear to have the frequency of detection of the steroid compounds (cholesterol, beta-sitosterol) as do these other studies. These compounds are naturally occurring and can be derived from many plant and animal sources; however, as with the antibiotic for the majority of detections. These detections are consistent with the locations of these sites in highly urban settings and in the case of the Clinton River at Auburn Hills, downstream of the City of Pontiac WWTP effluent. Only two herbicides were detected in unfiltered water samples (table 10) . Metolachlor, an agricultural-use herbicide, was detected at a location within an agricultural setting. Prometon, an urban-use herbicide, was detected only in urban settings.
There were 56 compounds detected at least once in filtered water samples (table 8) . There were 40 surface-water sites and 4 groundwater sites for which filtered water samples were analyzed. Two groundwater sites had no detections of any chemical on at least one date. The maximum number of chemicals detected at any groundwater site was 13 (or 11 if the frequently detected blank contaminants 1,4-dichlorobenzene and phenol are not included). The one reported industrialchemical occurrence-Ionia County (Portland Well #6 on 11/9/2004)-was of phenol. If this detection was discounted as contamination, there would have been no chemicals detected for that well on that date (table 11) . No sterols, herbicides or pesticides, or cotinine were detected in groundwater; however, industrial chemicals, human wastewater chemicals, and other chemicals (as defined in table 9) were detected in groundwater (table 11, appendix A4). The two wells in Huron County are monitoring wells not used for water supply, but the Kalamazoo and Ionia County wells are used for supply of drinking water. Although several of the compounds detected in the Kalamazoo and Ionia County wells also were detected in field blanks at least once, at least six chemicals were detected that never occurred in blanks, including AHTN and HHCB (appendix A4). Previous studies have reported differences in the occurrence of wastewater compounds and lower frequency of occurrence of these chemicals in groundwater as compared to surface water (Barnes and others, 2008) . Compounds detected in 100 percent of wastewater-treatment-plant effluents (Glassmeyer and others, 2005) . 
NUMBER OF DETECTIONS

MICHIGAN Adrian
Every surface-water site had at least one chemical detected on at least one date. The maximum number of chemicals detected in a single sample at any site was 46 (44 detections if 1,4-dichlorobenzene and phenol are discounted) at the Clinton River at Gratiot Avenue at Mt. Clemens, in June 2005. The second highest site in terms of number of detections in a single sample (37) also was at the Clinton River at Gratiot Avenue at Mt. Clemens, followed by 36 detections at the South Branch of the River Raisin downstream from Adrian. At these sites and others with large numbers of overall detections, industrial chemicals, human wastewater chemicals, and other chemicals (as defined in table 9) accounted for the majority of detections. These detections are again consistent with the locations of these sites downstream of urban areas or known wastewater-effluent discharge points. These patterns are exemplified by the results (table 11, fig. 4 ) for the two River Raisin sites sampled on August 13, 2003. The Carleton Road site is located on the river before it passes through the city of Adrian, and the second site is located on the river after it passes through the city. The city of Adrian is one of very few in Michigan that draws its drinking-water supply from a river. Figure 4 shows that the number of detections for most categories of chemicals were greater downstream of Adrian; only sterols and agricultural herbicides and pesticides were similar at both locations. These constituents may reflect the overall agricultural land use in the area. Sterols could arise from runoff of animal wastes, as well as from human wastes. Coprostanol has been reported to be associated with rural land use (Isobe and others, 2004) . Kolpin and others (2004) also reported the greatest number of detections of chemicals downstream of urban centers and Barber and others (2006) related increasing detections to increasing population size as they sampled more downstream locations in their study watershed. Five surface-water sites were sampled on multiple dates. For these sites, the number of detections varied with sampling date. In general, for these five sites, the number of detections was lower during October or November than in March or June. No particular chemical category accounted for this pattern. Hydrologic condition is among many factors that may affect the detections of wastewater chemicals in water. The affect of hydrologic condition on wastewater-chemical detections in two branches of the Galien River is shown in figure 5 . These rivers were sampled first following a 2-week period of no rainfall, then following the first subsequent rainfall event. In general, higher flow conditions resulted in fewer detections in each chemical category. This is consistent with dilution of wastewater effluent with rainfall runoff. However, as noted previously for the River Raisin, sterols and agricultural herbicide and pesticide detections increased with higher flow at the Galien River site ( fig. 5 ), possibly as a result of surface runoff from agricultural fields. Similar patterns of dilution or concentrations of chemicals in different categories were noted by Kolpin and others, 2004 . Several sites in both Huron and Oakland Counties were analyzed for wastewater chemicals. These counties vary substantially in land use, with Oakland County being highly urban overall and Huron County highly agricultural. Figures 6 and 7 show site-specific detections of wastewater chemicals in four categories as described in table 9: industrial chemicals, human wastewater chemicals, sterols, and other chemicals. Human wastewater chemicals were rarely detected in Huron County, and sterols were never detected ( fig. 6 ). The two Huron County sites with the greatest number of industrial chemicals detected were Pigeon River at Caseville (downstream of the Caseville WWTP) and Pinnebog River at Richardson Road (downstream of intermittent discharge from a sewage lagoon). However, signature human wastewater chemicals (as defined in table 9) were not detected at either of these sites. In contrast, at least one signature human wastewater chemical was detected at each Oakland County site ( fig. 7) , and industrial chemicals also were generally more prevalent than in Huron County. Patterns in Oakland County likely reflect proximity to known WWTP discharges, as well as other potential urban inputs such as septic systems or inadvertent connections of sewer lines to storm drains. Several recent reports have argued that various frequently-detected antibiotics, pharmaceuticals, or wastewater chemicals may be useful as indicators of waste effluents and of the potential occurrence of other untested chemicals common to those wastes (Glassmeyer and others, 2005; Benotti and others, 2009) .
Figures 6 and 7 demonstrate the potential for multiple APOWCs to be present in various water samples. However, these are not necessarily the only chemicals present. Pesticides and herbicides also were detected (by other analytical methods) in Huron County samples along with the wastewater chemicals reported herein (Duris and Haack, 2005) . Pollutants such as industrial chemicals, urban-use pesticides, and nutrients have been commonly detected in the Clinton River (Francis and Haas, 2006) . 
Summary
Beginning in the late 1990's, the U.S. Geological Survey (USGS) began to develop analytical methods to detect, at concentrations less than 1 microgram per liter (µg/L), emerging water contaminants such as pharmaceuticals, personal-care chemicals, and a variety of other chemicals associated with various human and animal sources. Three separate analytical procedures were used to assess detections and concentrations of the chemicals described in this report. Early data were provided on a provisional basis, with the understanding that method development was an ongoing process and that compounds tested and compound-detection limits might change over time. Reporting levels for many compounds have changed from 1998 to present (2009). In addition, some compounds were removed from, or added to, analysis suites from 1998 to present. In this report, previously reported concentrations less than current reporting levels have been recensored using current reporting criteria to provide consistent information. In addition, data for compounds removed from analytical methods are not included in this report, even though data for such compounds may have appeared in previous USGS or other publications. During 1998 publications. During -2005 , the USGS analyzed the following Michigan water samples: 41 samples for antibiotic compounds, 28 samples for pharmaceutical compounds, 46 unfiltered samples for wastewater compounds (dissolved and suspended compounds), and 113 filtered samples for wastewater compounds (dissolved constituents only). Very few chemicals were detected at concentrations greater than current (2009) laboratory reporting levels, which currently vary from a low of 0.005 µg/L for some antibiotics to 5 µg/L for some wastewater compounds. Nevertheless, 10 of 51 chemicals in the antibiotics analysis, 9 of 14 chemicals in the pharmaceuti-cals analysis, 34 of 67 chemicals in the unfiltered-wastewater analysis, and 56 of 62 chemicals in the filtered-wastewater analysis were detected. Analysis of caffeine by two different methods, one providing concentration data at reporting levels approximately 10 times lower than those of the wastewater method, helps with interpretation of estimated concentrations. Caffeine results showed an overall agreement between the two methods, both in assigning presence or absence of caffeine and in terms of concentrations determined. In general, field-blank samples indicate that some wastewater compounds, but no pharmaceuticals or antibiotics, may be present owing to contamination of sampling equipment or ambient environmental contamination. Field-blank results provide important information for the design of future sampling programs and may demonstrate the ubiquitous nature of some organic wastewater compounds. Field-replicate results indicate substantial confidence regarding the presence or absence of the many chemicals tested.
Antibiotics, pharmaceuticals, and wastewater compounds were detected at the majority of analyzed sites. Antibiotics were detected at 7 of 20 tested surface-water sites, but none were detected in 2 groundwater samples. Pharmaceuticals were detected at 7 of 11 surface-water sites. Wastewater compounds were detected at 25 of 31 sites for which unfiltered water samples were analyzed and at least once at all 40 surface-water sites and all 4 groundwater sites for which filtered water samples were analyzed. Surface-water sites with the largest numbers of detections of chemicals for each analysis method tended to be in urban areas. For example, 46 of 62 wastewater chemicals analyzed for filtered water samples were detected at the Clinton River at Gratiot Avenue at Mt. Clemens in June 2005. In contrast, the maximum number of detected wastewater chemicals in groundwater was 13. Overall, the chemicals detected most frequently in Michigan waters are similar to those reported frequently in other studies nationwide.
Patterns of chemical detections were site specific, and appeared to be related to local sources, overall land use, and hydrologic conditions at the time of sampling. Sites located on the River Raisin before and after it passes through the city of Adrian were sampled on August 13, 2003. The numbers of detections for most categories of chemicals were greater at the downstream site, which is located after the wastewater-treatment-plant (WWTP) effluent enters the river. Several sites in both Huron and Oakland Counties were analyzed for wastewater chemicals. The two Huron County sites with the greatest number of industrial chemicals detected were Pigeon River at Caseville (downstream of the Caseville WWTP) and Pinnebog River at Richardson Road (downstream of intermittent discharge from a sewage lagoon). However, signature human wastewater chemicals were not detected at either of these sites. In contrast, at least one signature human wastewater chemical was detected at each Oakland County site and industrial chemicals also were prevalent. Patterns in Oakland County likely reflect proximity to known WWTP discharges, as well as other potential urban inputs such as septic systems or connections of sewer lines to storm drains. Patterns of detections with regard to location above or below WWTP effluents, or with respect to general land use, were similar in Michigan to those reported in other studies nationwide.
Hydrologic conditions may affect the numbers and types of chemicals detected. Wastewater effluent may be diluted by rainfall runoff or concentrated at times of low river flow. Two branches of the Galien River were sampled first following a 2-week period of no rainfall, then following the first subsequent rainfall event. In general, higher flow conditions resulted in fewer detections in each chemical category. Five surfacewater sites were sampled for wastewater on multiple dates over 3 years. For these sites, the number of detections varied with sampling date. In general, for these five sites, the number of detections was lower during October or November than in March or June. These patterns could be related to hydrologic conditions at the time of sampling, as has been shown in other studies.
Quality-assurance samples indicated that some wastewater compounds, but no pharmaceuticals or antibiotics, may have been owing to contamination of sampling equipment or ambient environmental contamination. Field-blank results provide important information for the design of future sampling programs in Michigan and demonstrate the need for careful field-study design to avoid some of these ubiquitous organic wastewater compounds. Field-replicate results indicated substantial confidence regarding the presence or absence of the many chemicals tested. Analysis of caffeine by two methods with differing detection levels demonstrated confidence that compounds reported with an estimated concentration are indeed present in the sample, but also demonstrated the degree of uncertainty regarding the actual concentration. Overall, data reported herein indicate that a wide array of antibiotic, pharmaceutical, and organic wastewater compounds occur in Michigan waters. Patterns of occurrence, with respect to hydrologic, land use, and source variables generally appear to be similar for Michigan as for other sampled waters across the United States. The data reported herein can serve as a basis for future studies in Michigan. 
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